Introduction
Human herpesvirus 6 (HHV-6) was first isolated from the peripheral blood lymphocytes of six individuals with lymphoproliferative disorders, two of whom were also infected with human immunodeficiency virus (HIV) . The virus possessed the structural features typical of the herpesvirus family but was antigenically distinct and showed no evidence of cross-hybridization with selected regions of other human herpesviruses . HHV-6 has since been isolated from the peripheral blood of HIV-infected individuals in Uganda (strain U1102) (Downing et al., 1987) , The Gambia (strain A J) (Tedder et al., 1987) and Zaire (strain Z29) (Lopez et al., 1988) . The virus has also been recovered from the saliva of healthy adults (Pietroboni et al., 1988; Harnett et al., 1990; Levy et al., 1990) and from the peripheral blood of individuals immunocompromised following organ transplantation (Ward et al., 1989) .
Evidence of infection with HHV-6 is common in healthy adult populations (Saxinger et al., 1988; Okuno et al., 1989) , most of whom acquire the virus within the first year of life (Briggs et al., 1988; Knowles & Gardner, 1988) . The isolation of the virus from cell-free saliva of healthy adults and the finding of HHV-6 genomes detectable by the polymerase chain reaction in mouth washings of a majority of asymptomatic individuals (Gopal et al., 1990) suggest that HHV-6 is likely to be orally transmitted. HHV-6 is the cause of exanthem subitum, a common pyrexial illness of infancy (Yamanishiet al., 1988) but has not yet been clearly linked to disease in adults. Prior infection with HHV-6 has, however, been postulated as a cofactor in the progression of asymptomatic HIV-infected individuals to AIDS. Both HHV-6 and HIV infect predominantly CD4-positive T lymphocytes (Lusso et al., 1988; ) and HHV-6 can both trans-activate the HIV promoter/enhancer linked to reporter genes (Horvat et al., 1989; Ensoli et al., 1989) and accelerate CD4-positive cell death in cultures co-infected with both viruses . The significance of these molecular and biological properties of HHV-6 to human disease has not yet been established.
The herpesvirus family is commonly divided into three subgroups, the alpha-, beta-and gammaherpesviruses on the basis of differences in host range and tissue tropism during acute and persistent infections in vivo and differences in host cell range and growth characterisitics in vitro (Honess & Watson, 1977; Roizman, 1990) . The genomic sequences of representatives of each of these subgroups, the alphaherpesviruses varicella-zoster virus (VZV) (Davison & Scott, 1986 ) and herpes simplex virus type 1 (HSV-1) (McGeoch et al., 1988) , the betaherpesvirus human cytomegalovirus (HCMV) ) and the gammaherpesvirus Epstein-Barr virus (EBV) (Baer et al., 1984) are now available. In addition, selected regions of the genome of HHV-6 (Lawrence et al., 1990 ) and the gammaherpesvirus herpesvirus saimiri (HVS) Gompels et al., 1988; Nicholas et al., 1988; Albrecht & Fleckenstein, 1990) have now been sequenced. These studies have clearly identified a core of essential replicative and structural genes which are conserved in each of these viruses and recognized groups of genes which are specific to a particular virus or virus subgroup. The position and orientation within the viral genome of the conserved genes is most similar in comparisons of viruses belonging to the same biological subgroup. These observations provide objective measures of evolutionary relationships between herpesviruses and support a correlation between the divergence in these features of their genetic organization and their biological properties. Results from our published (Lawrence et al., 1990 ) and unpublished (S. Efstathiou, B. J. Thomson, J. Nicholas, M. E. D. Martin, C. Newman & R. W. Honess) sequencing studies of HHV-6 have shown a relatively close phylogenetic relationship to the genome of the betaherpesvirus HCMV.
In order to provide a basis for the more complete molecular and functional characterization of the HHV-6 genome, we have constructed restriction endonuclease maps of unit-length and concatemeric genomes of a Ugandan isolate of HHV-6, UI102 (Downing et al., 1987) , using nine mapping enzymes.
Methods

Growth of virus.
All experiments reported here employed a Ugandan isolate (U1102) of HHV-6 isolated by Dr R. G. Downing (Downing et al., 1987) . The virus was propagated in lymphocytes obtained from either umbilical cord blood or adult peripheral blood obtained from healthy donors. Lymphocytes were isolated by centrifugation on FicollPaque gradients (Pharmacia) and grown in RPMI 1640 medium supplemented with 10% foetal calf serum and antibiotics [penicillin (1 mg/ml), streptomycin (2 mg/ml) and gentamicin (50 pg/ml)]. Adult peripheral blood lymphocytes were stimulated with phytohaemagglutinin (PHA; 5 lag/ml); cord blood lymphocytes were maintained in the presence of both PHA (5 ~tg/ml) and human recombinant interleukin-2 [100 units (U)/ml; Boehringer Mannheim]. The virus was propagated by cocultivation of infected cells with fresh lymphocytes (1 : 10) and harvested when a c.p.e, had been observed, usually 5 to 10 days postinfection.
Virus DNA preparation. Viral DNA was obtained from either infected whole cells, separated cytoplasmic and nuclear fractions, or partially purified virions. Infected cells showing a c.p.e, were harvested and washed in phosphate-buffered saline. The cytoplasmic and nuclear fractions were separated from cells lysed in 1% NP40 by low-speed centrifugation (1300 r.p.m.) in a microfuge. Virions were pelleted from infected cell medium by centrifugation at 25000 r.p.m, in a Beckman SW28 rotor for 45 min and pellets resuspended in 10 mM-Tris-HC1, 1 mM-EDTA pH 7-5 (TE). Whole cells, cytoplasmic and nuclear fractions and virions were treated with 1 ~ SDS and proteinase K (500 ~tg/ml) at 37 °C for 5 h, followed by two phenol/chloroform extractions. The DNA was ethanol-precipitated and redissolved in TE at concentrations of approximately 100 ng/~tl.
Restriction endonuclease digestions and agarose gel electrophoresis.
Restriction enzyme digestions were carried out according to manufacturer's instructions (BRL). Digests (1 to 2~tg DNA per lane) were separated by electrophoresis through horizontal 0.6 or 0.8~ agarose gels at 1 to 5 V/cm in 89 mM-Tris-borate, 2 mM-EDTA buffer pH 8. Gels were calibrated by the use of marker DNA fragments obtained from HVS 11(0) DNA cleaved with MspI , or lambda DNA cleaved with HindlIl or BstEII. DNA bands were visualized by u.v. illumination after staining with ethidium bromide (0.5 [ag/ml). Separated fragments were isolated from agarose gels by electro-elution, the phenol/freeze method (Tautz & Renz, 1983) or by dissolving in NaI and subsequent elution from glass fibre discs (Vogelstein & Gillespie, 1979) .
Cloning of virus restriction fragments. Escherichia coli hosts used routinely in this study were TG1, HB101 and VCS257. In experiments attempting to clone fragments which were unstable in these hosts, DH5~ and Sure (Stratagene) were used. The vectors used were pBluescribe (Vector Cloning Systems), pUC8, pUC13, pBR322, M13mp18/19, Lorist6 (Gibson et al., 1987) and lambda gtl0 (Huynh et al., 1985) .
Vector DNA was digested with the appropriate enzyme and, with the exception of Lorist6, treated with calf intestinal alkaline phosphatase or bacterial alkaline phosphatase using standard protocols (Maniatis et al., 1982) . HindllI, SalI and SmaI libraries were prepared by ligating digested cytoplasmic DNA, total cell DNA or sizefractionated portions of each of these, to the phosphatase-treated vectors and transforming into E. coli strain TG1 (Hanahan, 1983) . A cosmid library was prepared using BamHI-digested Ul102 DNA which was then dephosphorylated and cloned into Lorist6; the resulting recombinant library was packaged using commercially supplied protocols and hosts (GIGAPACK II GOLD, Stratagene). Transformants from these libraries were initially screened by colony filter hybridization (Maniatis et al., 1982) , using HHV-6 DNA derived from the cytoplasm of infected cells and radiolabelled by random oligonucleotide priming (Feinberg & Vogelstein, 1983) as a probe to identify U 1102-derived clones. Probable HHV-6-specific clones identified in this primary screen were isolated and their identity was confirmed by hybridization to Southern blots of HHV-6 DNA. Verified clones were then mapped by single and double digestion with the restriction endonucleases selected for mapping. Following characterization of these primary clones, those EcoRI, KpnI and NruI fragments predicted to confirm linkages were gel-purified, ligated to the appropriate vector and used to transform TG1. The lambda clones were obtained from total infected cell DNA completely digested with EcoRI and cloned into lambda gtl0 and probed for linkage to cosmid clones CB9 and CB4.
Preparations of ptasmid DNA. For large scale preparations, cells harbouring the required plasmid DNA were grown with the appropriate antibiotic for 16 h at 37 °C to late log phase. Plasmid DNA was isolated by lysis with alkaline SDS and purified by equilibrium buoyant density sedimentation in gradients of caesium chloride with ethidium bromide, essentially as described by Birnboim & Doly (1979) . The procedure described above was modified for minipreparations of plasmid DNA. Cultures (2ml) were grown with the appropriate antibiotic to late log phase. Cells were pelleted and lysed in alkaline SDS solution. Cell debris and chromosomal DNA were precipitated with 3 M-sodium acetate pH 4.8 and cleared by centrifugation. Plasmid DNA was then precipitated in two volumes of 100~ ethanol. DNA was pelleted, resuspended in TE, treated with DNase-free RNase, extracted with phenol/chloroform and ethanol-precipitated.
Hybridization procedures. DNA from infected cells was digested with each of the nine restriction enzymes (BamHI, EcoRI, HindlII, KpnI, NruI, PstI, Sail, Smal, XhoI) and resolved on 0.6~ or 0.8~ agarose gels (1 to 2 ~tg DNA per lane). DNA was blotted onto nitrocellulose (Schleicher and Schuell) in 20 x SSC after depurination and denaturation as described by Maniatis et al. (1982) . Prehybridizations and hybridizations were performed at 37 °C overnight in hybridization buffer (2 x SSC, 0-1 ~ SDS, 5 x Denhardt's solution, 30~ formamide, 200 ~tg/ml denatured calf thymus DNA). The blots were washed at 37°C in 2 × SSC, 0-1~ SDS and at 55°C in 0.1 x SSC, 0.1~ SDS prior to autoradiography. DNA probes were made by labelling with [~-3zp]dCTP (3000 Ci/mmol, Amersham) using random oligo-nucleotide priming (Feinberg & Vogelstein, 1983) or with [~-3zp]dATP using nick translation (Rigby et al., 1977) to give specific activities in the range of 107 to 108 c.p.m./~tg.
Polymerase chain reaction (PCR).
PCR was used to synthesize a 6 kbp segment which contained a sequence not clonable in bacterial vectors. Oligonucleotides for use as primers in PCR (see text) were synthesized using an automated DNA synthesis machine (ABI 380B). These primers incorporated EcoRI sites to facilitate subsequent cloning of PCR products. PCR was performed using 200 ng U1102 DNA as the template and 1 p-M (final concentration) of each primer in a reaction mix containing 50 mM-KCI, 10 mM-Tris-HC1 pH 8.8, 1.5 mM-MgCI:, 0-01% gelatin, 250 ~tM each dNTP and 5 U Taq polymerase (Amplitaq, Perkin Elmer Cetus) in a final volume of 100 p.l. Initial denaturation at 94 °C for 6 min was followed by 20 cycles of annealing (55 °C; 1 rain), extension (65 °C; 10rain) and denaturation (94°C; 1 min). These primers resulted in the specific synthesis of the required product with a yield of approximately 1 Ixg per reaction.
Results
Establishing the linkage maps of unit-length DNA
More than 50 fragments resulting from the complete digestion with BamHI, EeoRI, HindIII, KpnI, NruI, SalI or Sinai of viral DNA prepared from the cytoplasm of productively infected cells were successfully isolated as clones in M13, plasmid or cosmid vectors. In addition, two clones (RPMS 3.5, EeoRI-Q; RPMS 4.4, were isolated in lambda vectors. The internal map of each of these clones was established by digestion with each of the nine mapping endonucleases (BamHI, EeoRI, HindIII, KpnI, NruI, PstI, SalI, Sinai and XhoI) .
The order of restriction sites occurring more than once within a clone was determined by consecutive digestion with two or more enzymes. In order to identify overlapping fragments, each clone was radiolabelled and hybridized to Southern blots of HHV-6 DNA prepared from the nuclei of productively infected cells digested with each of the mapping enzymes. The overlapping fragments identified by a 9 kbp HindIII clone (HindIII-H) and a 14.7 kbp SmaI clone (SmaI-D) are illustrated as examples of Fig. 1 (a) and (b) . The map and linkages identified by HD9 (Fig. 1 a) are equivalent to those identified by clone ZVH14 derived from the original isolate of HHV-6 (strain GS) .
Conserved sites also identified clone CB5 of strain Ul102 as being homologous to the ZVB70 clone of HHV-6 (strain GS) which contains the GGGTTA repeat sequence (Kishi et al., 1988) , although we have no direct evidence that this motif is present in HHV-6 U1102. RadiolabeUed clones were also hybridized to Southern blots of restriction digests of purified virion DNA. Maps of the cleavage sites of the nine restriction endonucleases in the unit-length genome of the U 1102 isolate of HHV-6 and the location of the major fragments isolated as plasmid, M13, lambda and cosmid subclones are summarized in Fig. 2 . The letter designation and size of each restriction fragment is shown in Table 1 . The estimated errors in the sizing of independent restriction fragments are ~< (5 to 10~) of the mean values for fragments below 15 kbp. Sizes above 15 kbp are based on the summation of distances between intervening sites and all sizes given have been adjusted + (5 to 10~) to ensure compatibility with the location of sites of one enzyme relative to another. Although these maps are consistent with all our current data we cannot exclude the omission of some small restriction fragments (~< 500 bp) in some digests.
The unit-length genome is a linear molecule of 161.5 kbp containing a central segment of a largely unique sequence of 141 kbp with a sequence of 10 kbp duplicated in the same orientation at both termini of the genome. The map illustrated is oriented such that the gene encoding the major capsid protein will lie to the left of the gene putatively encoding an alkaline exonuclease (see Lawrence et al., 1990) , i.e. in an orientation consistent with that of the prototype HCMV AD169 .
Repetitive and unstable regions within the 'unique' component of the genome
Two regions of the viral genome were unstable in bacterial vectors. The fragment spanning the first region (65 to 69kbp) was successfully cloned into pUC13 (HD 4.8) but rapidly deleted on subsequent growth of the vector in E. eoli. Small-scale preparations of DNA from this region were, however, sufficiently stable to be successfully mapped. The second region (130 to 136 kbp) could not be cloned in either plasmids or lambda in any of the bacterial hosts used in this study. The DNA sequence derived from clones flanking this region was therefore used to design primers for PCR ( Fig. 3a and b) . These fragments were not, however, present when the PCR product was used to probe Southern blots of uninfected cell DNA and may be the result of hybridization to fragments generated during HHV-6 DNA replication. At least one other region (138 to 141 kbp) of the socalled unique section of HHV-6 U1102 contains reiterated sequences. This region has also been sequenced and consists of a tandem array of at least 25 copies of an approximately 110 bp sequence, each of which contains a single KpnI site (KpnI-O) linked to less than five copies of a minor variant of this sequence (approximately 220 bp) lacking a KpnI site (KpnI-N; Fig. 4) 
Organization of the terminal duplications in linear and concatemeric DNA
Comparisons of fragments identified by hybridizations to purified virion DNA with those to viral DNA derived from the nuclei of infected cells shows the presence of concatemeric intermediates in intracellular DNA which contain head-to-tail dimers of the viral genome (i.e.
• ..U1. DRR1. DRy2. U2...) (data not shown). The form of these concatemers is illustrated here by analysis of the hybridization of a series of clones from within the (Fig.  5a ). In each case these clones hybridize to fragments either contained within the terminal repeat or linked to a unique sequence at either the 'left' or 'right' end of the genome. Hybridization with SAD1, for example, detects a 6-0 kbp KpnI fragment (KpnI-H) contained within DRL of the unit-length viral genome and a 15.9 kbp KpnI fragment (KpnI-E) derived from the junction of unique sequence and DRR at the right end of the unit-length genome. In addition, each clone detects fragments of the size predicted if the genomes were also linked as head-totail concatemers. SAD1 therefore detects a 10.4 kbp fragment (KpnI-H + I) which consists of KpnI-H within DRL linked within the concatemer to KpnI-I within DRR. The proposed linkages of terminal fragments in such concatemeric molecules is illustrated in Fig. 6 . The number and size of overlapping fragments detected by hybridization with each of the other clones shown in Fig.  5 (a) is clearly consistent with the presence of head-to-tail concatemeric HHV-6 viral genomes within the nuclei of productively infected cells. The additive hybridization to bands which represent terminal and junction fragments is, however, of consistently lower molarity than expected with respect to internal fragments. Furthermore, HHV-6 D N A prepared from certain passages of the virus shows a size heterogeneity of fragments crossing the region marked 'het' in Fig. 6 (our unpublished observations). These observations may be due to the presence of defective replicative intermediates or may be in part explained by features of sequence adjacent to the genomic junctions and termini of concatemeric D N A [i.e. fold-back D N A due to reiterated sequence or local variation in (G + C) content] within the nuclei of infected cells. However, hybridization of clones from the terminal duplication to Southern blots of D N A prepared from partially purified virions clearly demonstrates that terminal fragments are present at the same molarity as internal fragments within the virion monomer as opposed to the decreased molarity of terminal fragments in nuclear preparations containing concatemeric D N A (Fig. 56) .
Discussion
The map of cleavage sites for each of nine restriction endonucleases has been determined for the unit-length viral genome and concatemeric precursors of HHV-6 Ul102. In addition, restriction fragments containing approximately 95~ of the viral genome have been isolated as stable clones in M13, plasmid, cosmid and lambda vectors or as PCR products. The unit-length genome is a linear, double-stranded DNA molecule composed of a largely unique segment of t41 kbp and a sequence of approximately 10 kbp duplicated in the same orientation at each of the genomic termini. An internal tandem reiteration of at least 25 copies of an approximately 110 bp sequence occurs close to the right end (139 to 142 kbp) of the genome. This structure differs from that determined for the five previously characterized human herpesviruses and is similar to that proposed for the Z29 isolate of HHV-6 (G. J. Lindquester & P. E. Pellett, personal communication). The structure resembles that proposed for the DNA of channel catfish virus (Chousterman et al., 1979) and of equine cytomegalovirus (Browning & Studdert, 1989) . The HHV-6 genome has a mean mononucleotide composition of 43 to 44~ (G + C) as estimated by buoyant density in caesium chloride (Lopez & Honess, 1990) . DNA sequencing studies have established that the unique sequence of the Ul102 genome has a base composition of approximately 4l ~o (G + C) (Lawrence et al., 1990) Previous large scale sequencing studies of HHV-6 U1102 (Lawrence et al., 1990) have clearly established that the organization of the conserved core of replicative and structural genes within the HHV-6 viral genome and the predicted amino acid sequences of the products of these genes are more similar to those of the betaherpesvirus HCMV than those of any other characterized virus. The degree of this similarity suggests that both viruses belong to the same biological subgroup. HHV-6 is, however, both of lower complexity and mean (G + C) content than other characterized betaherpesviruses. The HCMV genome is 229 kbp in length and possesses the Fig. 6 . The arrangement of terminal fragments of the HHV-6 U1102 genome linked as head-to-tail concatemers. The designation of each fragment and clone corresponds to Fig. 2 . The additional fragments created by the linkage of two terminal clones across the concatemeric junction are illustrated enclosed within rectangles. The probes used to establish these linkages have been described above (see Fig. 5 ). SAD1 (SalI-T) has been designated T, in DRR and TI in DRL; SMD1.4 (SmaI-N) has been designated N, in DRR and N~ in DRL; K12 (KpnI-M) has been designated M, in DRrt and M~ in DRL. The approximate location and size of the heterogeneity observed in certain passages of the virus is indicated ('het') and fragments which cross this region have also been marked 'het'. ability to invert both unique components [unique long (UD and unique short (Us)] with respect to internal inverted repeat units to yield four possible arrangements, or isomers, of the genome. Further characterization of HHV-6 suggests that this non-isomerizing genome is collinear throughout most of its length with UL of HCMV (our unpublished results).
The construction of the restriction map of U 1102 and the orientation of CB5 with ZVB70 of HHV-6 (strain GS) has allowed us to determine that the (GGGTTA)n repeated motif responsible for the cross-hybridization of HHV-6 with the genome of the avian herpesvirus, Marek's disease virus (MDV) (Kishi et al., 1988) , would lie at or adjacent to the right end of the terminal duplications of HHV-6 U 1102. This sequence is found at the junction of the internal inverted repeats bounding the UL and Us components of the MDV genome and may be functionally homologous to the tandemly reiterated DR2 motif found within the 'a' sequence of HSV DNA (Kishi et al., 1988) . Sequence heterogeneity evident as polymorphisms of restriction endonuclease sites has been noted between strains (Jarrett et al., 1989; Kikuta et al., 1989) and the majority of polymorphisms map to genomic termini (G. J. Lindquester & P. E. Pellett, personal communication). However, the GGGTTA motif is likely to be conserved between different isolates of HHV-6 and may participate in the sequence-specific cleavage of unit-length genomes from their concatemeric precursors. No information is yet available to establish whether the adjacent HHV-6 sequence has structural or functional homology to other essential components of the HSV 'a' sequences. It is, however, notable that the GGGTTA motif is highly conserved in the telomeres of all vertebrate chromosomes so far studied (Meyne et al., 1989) .
The determination of the restriction endonuclease map of strain U1102 of HHV-6 will provide a basis for the identification and location within the genome of conserved and non-conserved regions of other isolates of the virus. In addition, the maps and clones generated by this study will provide a means to obtain and interpret DNA sequence and to correlate the molecular, genetic and biological properties of this newly discovered herpesvirus.
